Abstract. This paper describes residual stress measurements and analysis of austenitic stainless steel pipe with a butt-welded joint. The measurements were done with neutron diffraction and strain gauge techniques. The measured results had typical characteristics of butt-welded pipe regarding both the decline of stress along the axial direction and the bending distribution of axial stress along the radial direction. The measured residual stress distribution by neutron diffraction was shifted more to the tensile side than that by the finite element method simulation. However, the measured radial and axial strains, except for the hoop strain determined by neutron diffraction, coincided well with analysis strains. The hoop strain was actually equivalent strain converted by a correction method because a different lattice plane had to be used to measure hoop strain. This might be one reason why the difference occurred. Therefore, future study of the correction method would be desirable.
Introduction
Residual stress due to welding or cold bending of a pipe is one of the important factors leading to such damage as stress corrosion cracking (SCC) or high cycle fatigue crack initiation and propagation. In order to evaluate its impact on structural integrity appropriately, the magnitude and distribution of residual stress needs to be evaluated accurately and three-dimensionally. Therefore, accurate methods should be established to measure and estimate the residual stress three-dimensionally.
To measure residual stress three-dimensionally, a neutron diffraction technique has been employed because it can penetrate at depths from several millimeters to several tens of millimeters due to the highly permeable characteristics of the neutron beam. In recent years, measurements of residual stress with the neutron diffraction technique have been reported in a wide variety of fields thanks to improved measuring devices and standardization of the residual stress determination [1, 2] . To estimate residual stress, detailed simulations based on a finite element method (FEM) has recently been widely applied to multi layered welding and welding of dissimilar metals and complex geometries [3] . However, there have been few comparisons of three-dimensional measurements by neutron diffraction with other measuring methods and numerical simulations.
This paper reports comparison of measured and estimated residual stresses of straight butt-welded pipe made of austenitic stainless steel, a condition where numerous SCC cases have been reported in nuclear power plants. The measurements were done employing neutron diffraction and strain gauge techniques and the estimation was done using FEM simulations.
Experimental Method eutron diffraction technique measurements.
Residual stress measurements were made employing the neutron diffractometer for RESA (REsidual Stress Analysis) placed at the outlet of the guide hole in the JRR-3 (Japan Research Reactor-3) of JAEA (Japan Atomic Energy Agency).
The diffracted neutron profile of the test piece was measured by RESA. The diffraction angle value was determined from the maximum value of the Gaussian approximation of the obtained diffracted neutron profile. For this, the lattice plane distance without any strain d 0 needed to be determined. By measuring the diffraction angle of the "d 0 coupon", d 0 was determined in this study. The "d 0 coupon" was repeatedly sliced until its residual strain became almost negligible.
The neutron diffraction technique can obtain strain in three-dimensional states since it can penetrate deep into a test piece. Hoop, radial and axial strains were measured separately and residual stresses were determined based on Hooke's law. The elastic constants for diffraction were derived from the literature [4, 5] to calculate residual stress.
Test piece. The test piece was from butt-welded pipe made of austenitic stainless steel SUS316TP. Outer and inner diameters of the pipe were 165.2 and 128.8mm respectively while its thickness was 18.2mm.The first layer was welded by the automatic gas tungsten arc (GTA) method (horizontal position facing downward) and the second to fifth layers were welded by the shielded metal arc welding (SMAW) method (horizontal position facing downward). The welding current was 105-150A with voltage of 10-27V. Two pieces of pipe were butt-welded together to make a 400mm long straight pipe with 5 layers of welding made during 5 passes. After the welding, 150mm at both ends were cut off to get a 100mm long test piece. A schematic and photo of the test piece are shown in Fig.1 .
"d 0 coupon". When measuring residual stress by the neutron diffraction technique, the lattice plane distance without any strain, d 0 , needs to be obtained. The "d 0 coupon", which is a stress-free reference, was sliced from the test piece after the measurements. This slice was cut into 192 cuboid particles (edge length, 3mm). Each cuboid particle was reassembled into the "d 0 coupon" of the test section by aligning each face at its original position. By measuring the same locations of "d 0 coupon" as the measurement locations of the test piece, d 0 of the measured points was determined. Conditions and location of measurements. The measurements were made according to the "Guideline for Neutron Diffraction Method" [2] . The measurement conditions were set considering alignment of the measuring device to the test piece.
The hoop strain was measured for lattice plane 111, while the radial and axial strains were measured for plane 311. The wavelength was 1.8 Å and the gauge volume was 3×3×3 mm 3 .
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The measurement locations are shown in Fig.2 . Eight points in the axial direction originating from the weld toe (9.59 mm from the weld center) with four points each in the radial direction were all measured at the initial and terminal end of the weld (0° longitudinal section).
Strain gauge technique measurements. Strain gauges were placed on both inner and outer surfaces of the pipe to measure both circumferential and axial surface stresses. The terminal size of the cuboid particle, after nearly all the strain was released, was set to 10mm×10mm×4mm. The residual stresses σ θ and σ z were estimated from equation (1) by substituting the measured relaxed strains ∆ε x and ∆ε y for strains parallel and perpendicular to the welded line.
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where Young's modulus E was 195GPa and Poisson's ratio ν was set to 0.3. These values were from the ASME Boiler and Pressure Vessel Code Section II Part D [6] .
Estimation by FEM simulation. Welding simulation was done for the test piece, including the welding procedure and the cutting process after the welding. The simulation used a three-dimensional model and the commercial FEM code ABAQUS [7] . Residual stress measurements. The measured residual strain was converted into residual stress by applying the elastic constant for diffraction E and Poisson's ratio ν based on Hooke's law. E and ν were determined by the Kröner model [4] and applying the elastic stiffness of SUS316 (c 11 =206.0GPa, c 12 =133.0GPa, c 44 =119.0GPa [5] ). The determined E values were 237.0GPa in plane 111 and 182.5GPa in plane 311, and ν values were 0.25 in plane 111 and 0.31 in plane 311. The residual strains of radial and axial directions were measured for the distance of lattice plane 311 which was considered to be insensitive to intergranular strain [8] . However, for the hoop direction, residual strain was impossible to measure with the lattice plane 311 due to the size and thickness of the test piece. The path length of the neutron beam was so long that the intensity of the diffraction beam was too small for the measurement. The lattice plane 111 was used instead.
Experimental Results
Since the residual stress was calculated from three directions of residual strain with the same lattice plane, accordingly to the literature [9] , the effect of Poisson's ratio was assumed to be small and hoop strain measured by the lattice plane where E 111 and E 311 were diffraction elastic constants of the lattice planes 111 and 311, respectively.
Axial distributions of measured residual stresses are shown in Fig.3 . The axial and hoop stresses gradually decreased from the center of the weld as seen in Figs.3(a) and (c). Tensile and compressive axial stresses were observed inside and outside of the pipe respectively, which indicated bending
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Mechanical Stress Evaluation by Neutrons and Synchrotron Radiation stress was imposed along the thickness direction. According to Hayashi et al. [1] who measured the residual stress distribution of a butt-welded pipe made of carbon steel, the bending distribution provides commonly observed characteristics of butt-welded pipe. Therefore, the measured bending distribution along the thickness of the pipe could be considered as a qualitatively reasonable distribution. 
Comparison with Strain Gauge Technique
Axial distributions of measured hoop and axial residual stresses are compared for both strain gauge and neutron diffraction techniques in Fig.4 . The axial distribution on the outer surface was obtained by extrapolation for the neutron diffraction measurement of 4 and 8mm inside from the outer surface. The measured residual stresses had similar distributions for both strain gauge and neutron diffraction techniques. The hoop stress was shifted more to the tensile side for the neutron diffraction technique measurement than the strain gauge technique measurement. specimens extracted from the plate which was welded using the same conditions. The cutting of both ends of the pipe after the welding was also simulated. This cutting was simulated by deleting the finite elements in the FEM model. The stress was simultaneously recalculated under the condition that the stress in the cut region was elastically released. The FEM results were validated by comparison with those obtained previously by the strain gauge method [10] .
For an example, calculated axial and hoop residual stress distributions are shown in Fig.5 . Fig.5 (a) shows tensile axial stress on the inner surface and compressive stress on the outer surface indicating bending stress was imposed on the pipe wall.
Comparison of the estimated and measured results. Estimated hoop, radial and axial residual stresses are compared with the measured stresses and their axial distributions are shown in Fig.6 . Qualitative trends of the estimated and measured results matched, though some differences were observed from a quantitative perspective. The measured distribution was shifted more to the tensile side than the estimated distribution. Strictly speaking, there was a difference among the sizes of the stress evaluation region of the three techniques in this paper. However, the gradient of stress in the weld heat-affected zone of the welded joint is generally so moderate that the average stress would not be remarkably different among the different sizes of the evaluation region. Therefore, when comparing the three techniques, it was assumed that the stress was hardly affected by the sizes of the evaluation region.
To identify the cause of the discrepancy between measured and estimated residual stress distributions, estimated residual strain was compared with the measured one. The estimated residual strain was converted from residual stress calculated by ABAQUS based on Hooke's law. The converted hoop, radial and axial strains were compared with the measured strains and these axial distributions are shown in Fig.7 . Radial and axial strain distributions matched the measured distributions well and only the measured hoop strain was shifted to the tensile side. Since d 0 was determined the same way, by averaging all the measured lattice constants, it was unlikely that only d 0 for the hoop strain differed from the other components. Another factor has to be considered regarding the discrepancy of the measured and estimated hoop strains.
Since the residual stress was calculated by three components of strain, the observed hoop strain discrepancy caused a difference in stress distributions of the three components. Therefore, if the cause of the discrepancy is identified, the accuracy of residual stress measurement may be improved.
One of the suspected causes of this error is the correction of residual strain measured for lattice plane 111 to the one for lattice plane 311. Although the variation of the Poisson ratio of SUS316 for the lattice planes 311 and 111 was 0.06, the effect on the stress was assumed to be negligible. According to the literature [9] , the variation of Poisson's ratio for pure Al is only 0.01. The correction without considering Poisson's ratio variation may have caused this error since it would be inappropriate to assume the difference was negligible.
To improve the accuracy of measurement by the neutron diffraction technique, the correction method when a different lattice plane was used to measure the residual stress, needs to be improved and a new method may need to be developed. 
Conclusion
Residual stress of butt-welded austenitic stainless steel pipe was measured employing neutron diffraction technique and compared with results measured by the strain gauge technique and estimated by FEM simulation. Comparison of the residual stress distributions led to the following conclusions.
(1) Residual stress measurements by the neutron diffraction technique and estimated results by FEM simulation had similar distributions though the measured results were shifted more to the tensile side than the estimated results. The measurements by the neutron diffraction technique also shifted more to the tensile side in comparison to the measurements by the strain gauge technique.
(2) Measured residual strain by the neutron diffraction technique and estimated strain by FEM simulation showed that only hoop strain was shifted to the tensile side. The measured and estimated axial and radial strains matched well both quantitatively and qualitatively.
(3) The cause of the discrepancy between the measured and the estimated residual stress was attributed to poor measurement accuracy of the hoop strain. To improve the accuracy, the correction method, in which a different lattice plane was used to measure the residual stress, may need to be improved.
